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1
SEMICONDUCTOR DEVICE

TECHNICAL FIELD

The present invention relates to a semiconductor device
which is provided with a circuit including a semiconductor
element such as a transistor. For example, the present inven-
tion relates to a power device which is mounted on a power
supply circuit; a semiconductor integrated circuit including a
memory, a thyristor, a converter, an image sensor, or the like;
and an electronic device on which an electro-optical device
typified by a liquid crystal display panel, a light-emitting
display device including a light-emitting element, or the like
is mounted as a component. Moreover, the present invention
relates to an oxide used in the semiconductor device.

In this specification, a semiconductor device generally
refers to a device which can function by utilizing semicon-
ductor characteristics; an electro-optical device, a light-emit-
ting display device, a semiconductor circuit, and an electronic
device are all included in the category of the semiconductor
device.

BACKGROUND ART

Many transistors formed over a glass substrate or the like
are manufactured using amorphous silicon, polycrystalline
silicon, or the like, as typically seen in liquid crystal display
devices. Although transistors manufactured using amorphous
silicon have low field-effect mobility, they can be formed over
a larger glass substrate. On the other hand, although transis-
tors manufactured using polycrystalline silicon have high
field-effect mobility, they are not suitable for being formed
over a larger glass substrate.

Other than the transistors manufactured using silicon, in
recent years, a technology in which a transistor is manufac-
tured using an oxide semiconductor and applied to an elec-
tronic device or an optical device has attracted attention. For
example, a technology in which a transistor is manufactured
using zinc oxide or an In—Ga—7Zn—O0-based oxide as an
oxide semiconductor and used for a switching element of a
pixel of a display device or the like is disclosed in Patent
Document 1 and Patent Document 2.

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2007-123861
[Patent Document 2] Japanese Published Patent Application
No. 2007-096055

DISCLOSURE OF INVENTION

It is an object to manufacture a highly reliable semicon-
ductor device by giving stable electric characteristics to a
transistor in which an oxide semiconductor film is used fora
channel region.

It is a technical idea of an embodiment of the present
invention to use an n-type oxide semiconductor film contain-
ing a p-type oxide semiconductor material for a channel
region of a transistor.

In general, part of oxygen deficiency in an oxide semicon-
ductor film serves as a donor and causes release of an electron
which is a carrier. Thus, the use of an oxide semiconductor
film for a channel region of a transistor might cause a shift of
the threshold voltage of the transistor in the negative direction
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owing to oxygen deficiency. In order to prevent the shift of the
threshold voltage of a transistor in the negative direction, it is
necessary to form an oxide semiconductor film in which
oxygen deficiency is not caused. However, it is difficult to
suppress also release of a minute amount of oxygen in heat
treatment which is performed after an oxide semiconductor
film is formed or in exposure of an uncovered oxide semicon-
ductor film to a reduced-pressure atmosphere. Even a minute
amount of oxygen deficiency in an oxide semiconductor film
causes the shift of the threshold voltage of a transistor in the
negative direction; thus, even the release of a minute amount
of oxygen described above could cause a malfunction of a
semiconductor device.

Therefore, it is expected to reduce carriers which are gen-
erated in an oxide semiconductor film without intention. Spe-
cifically, a p-type oxide semiconductor material is contained
in an n-type oxide semiconductor film, whereby carriers
which are generated in the oxide semiconductor film without
intention can be reduced. This is because electrons generated
in the n-type oxide semiconductor film without intention are
recombined with holes generated in the p-type oxide semi-
conductor material to disappear. Accordingly, it is possible to
reduce carriers which are generated in the oxide semiconduc-
tor film without intention. That is, in accordance with an
embodiment of the present invention, the shift of the thresh-
old voltage of a transistor in the negative direction can be
suppressed. In addition, it is possible to control the threshold
voltage of the transistor by adjusting the amount of a p-type
oxide semiconductor material contained in an n-type oxide
semiconductor film. Further, in the case where the bond
energy between oxygen and another element in a p-type oxide
semiconductor material is higher than the bond energy
between oxygen and another element in an n-type oxide semi-
conductor material, when the p-type oxide semiconductor
material is contained in the n-type oxide semiconductor film,
release of oxygen contained in the n-type oxide semiconduc-
tor film can be suppressed.

For example, when an n-type oxide semiconductor film is
formed, a p-type oxide semiconductor material is mixed,
whereby the p-type oxide semiconductor material can be
contained in the n-type oxide semiconductor film. Specifi-
cally, the following method may be employed: an n-type
oxide semiconductor material and a p-type oxide semicon-
ductor material are mixed and baked to form a sputtering
target, and an n-type oxide semiconductor film containing the
p-type oxide semiconductor material is formed using the
sputtering target. Alternatively, the following method may be
employed: an appropriate amount of a sintered body of a
p-type oxide semiconductor material is put on a surface of an
n-type oxide semiconductor material target, and an n-type
oxide semiconductor film containing the p-type oxide semi-
conductor material is formed by a co-sputtering method. At
this time, the sintered body of the p-type oxide semiconductor
material is preferably put on a region of the n-type oxide
semiconductor sputtering target where an electric field is
converged (a region where erosion is caused), in which case
the p-type oxide semiconductor material can be efficiently
contained in the n-type oxide semiconductor film. Further
alternatively, a multi-sputtering method using an n-type oxide
semiconductor material target and a p-type oxide semicon-
ductor material target may be performed.

Furthermore, an insulating material such as silicon oxide or
germanium oxide may be contained in the n-type oxide semi-
conductor film, in addition to the p-type oxide semiconductor
material. The insulating material may be mixed into an n-type
oxide semiconductor material or a p-type oxide semiconduc-
tor material in advance, or may be contained by a method
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similar to that in the case where the p-type oxide semicon-
ductor material is contained in the n-type oxide semiconduc-
tor film. In the case where the bond energy between oxygen
and another element in the insulating material is higher than
the bond energy between oxygen and another element in the
n-type oxide semiconductor material, when the insulating
material is contained in the n-type oxide semiconductor film,
release of oxygen from the n-type oxide semiconductor film
can be suppressed.

In accordance with an embodiment of the present inven-
tion, it is possible to provide a material suitable for a semi-
conductor included in a transistor, a diode, or the like.

Further, it is possible to manufacture a highly reliable
semiconductor device by giving stable electric characteristics
to a transistor in which an oxide semiconductor film is used
for a channel region.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1A to 1C are a top view and cross-sectional views
illustrating an example of a transistor according to an embodi-
ment of the present invention.

FIGS. 2A to 2C are a top view and cross-sectional views
illustrating an example of a transistor according to an embodi-
ment of the present invention.

FIGS. 3A to 3C are a top view and cross-sectional views
illustrating an example of a transistor according to an embodi-
ment of the present invention.

FIGS. 4A to 4C are a top view and cross-sectional views
illustrating an example of a transistor according to an embodi-
ment of the present invention.

FIGS. 5A to 5C are a top view and cross-sectional views
illustrating an example of a transistor according to an embodi-
ment of the present invention.

FIGS. 6A to 6C are a top view and cross-sectional views
illustrating an example of a transistor according to an embodi-
ment of the present invention.

FIG. 7 is a circuit diagram showing an example of a liquid
crystal display device including a transistor according to an
embodiment of the present invention.

FIG. 8A is a circuit diagram showing an example of a
semiconductor memory device including a transistor accord-
ing to an embodiment of the present invention and FIG. 8B is
a graph showing electric characteristics thereof.

FIG. 9A is a circuit diagram showing an example of a
semiconductor memory device including a transistor accord-
ing to an embodiment of the present invention and FI1G. 9B is
a graph showing electric characteristics thereof.

FIG. 10 is a circuit diagram showing an example of a
semiconductor memory device including a transistor accord-
ing to an embodiment of the present invention.

FIG. 11A is a block diagram showing a specific example of
a CPU including a transistor according to an embodiment of
the present invention and FIGS. 11B and 11C are circuit
diagrams each illustrating part of the CPU.

FIGS. 12A to 12C are perspective views each illustrating
an example of an electronic device according to an embodi-
ment of the present invention.

FIGS. 13A and 13B are graphs each showing an Ids-Vgs
curve of a transistor according to an embodiment of the
present invention.

FIGS. 14A and 14B are graphs each showing an Ids-Vgs
curve of a transistor according to an embodiment of the
present invention.

FIGS. 15A and 15B are graphs each showing a TDS spec-
trum of an oxide semiconductor film according to an embodi-
ment of the present invention.
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FIG. 16A is a graph showing transmissivity of an oxide
semiconductor film according to an embodiment of the
present invention and FIG. 16B is a graph showing reflectivity
of an oxide semiconductor film according to an embodiment
of the present invention.

FIG. 17A is a graph showing transmissivity of an oxide
semiconductor film according to an embodiment of the
present invention and FIG. 17B is a graph showing reflectivity
of an oxide semiconductor film according to an embodiment
of the present invention.

FIG. 18A is a graph showing transmissivity of an oxide
semiconductor film according to an embodiment of the
present invention and FIG. 18B is a graph showing reflectivity
of an oxide semiconductor film according to an embodiment
of the present invention.

FIG. 19A is a graph showing transmissivity of an oxide
semiconductor film according to an embodiment of the
present invention and FIG. 19B is a graph showing reflectivity
of an oxide semiconductor film according to an embodiment
of the present invention.

FIGS. 20A and 20B are graphs each showing an XRD
spectrum of an oxide semiconductor film according to an
embodiment of the present invention.

FIGS. 21A and 21B are graphs each showing an XRD
spectrum of an oxide semiconductor film according to an
embodiment of the present invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

Hereinafter, embodiments and an example of the present
invention will be described in detail with reference to the
accompanying drawings. However, the present invention is
not limited to the description below, and it is easily under-
stood by those skilled in the art that modes and details dis-
closed herein can be modified in various ways. Therefore, the
present invention is not construed as being limited to the
description of the embodiments and the example below. In
describing structures of the invention with reference to the
drawings, the same reference numerals are used in common
for the same portions in different drawings. Note that the
same hatch pattern is applied to similar parts, and the similar
parts are not especially denoted by reference numerals in
some cases.

Before the present invention is described, terms used in this
specification will be briefly explained. First, when one of a
source and a drain of a transistor is called a drain, the other is
called a source in this specification. That is, they are not
distinguished depending on the potential level. Therefore, a
portion called a source in this specification can be alterna-
tively called a drain.

In addition, voltage refers to a potential difference between
a predetermined potential and a reference potential (e.g., a
ground potential or a source potential) in many cases. Accord-
ingly, a voltage can also be referred to as a potential.

Further, even when it is written in this specification that “to
be connected”, there is a case where no physical connection is
made in an actual circuit and a wiring is only extended.

Note that the ordinal numbers such as “first” and “second”
in this specification are used for convenience and do not
denote the order of steps or the stacking order of layers. In
addition, the ordinal numbers in this specification do not
denote particular names which specity the invention.

Embodiment 1

In this embodiment, an example of a transistor according to
an embodiment of the present invention will be described
with reference to FIGS. 1A to 1C.
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FIG. 1A is atop view ofthe transistor. A cross section along
dashed-dotted line A-B in FIG. 1A and a cross section along
dashed-dotted line C-D in FIG. 1A correspond to a cross
section A-B in FIG. 1B and a cross section C-D in FIG. 1C,
respectively.

Here, the cross section A-B in FIG. 1B will be described in
detail.

The transistor illustrated in FIG. 1B includes a gate elec-
trode 104 over a substrate 100, a gate insulating film 112
covering the gate electrode 104, an oxide semiconductor film
106 over the gate electrode 104 with the gate insulating film
112 interposed therebetween, a pair of electrodes 116 which
are over the oxide semiconductor film 106 and partly in
contact with the oxide semiconductor film 106, and an inter-
layer insulating film 118 covering the gate insulating film
112, the oxide semiconductor film 106, and the pair of elec-
trodes 116.

There is no particular limitation on the substrate 100 as
long as it has heat resistance enough to withstand at least heat
treatment performed later. For example, a glass substrate, a
ceramic substrate, a quartz substrate, a sapphire substrate, or
the like may be used as the substrate 100. Alternatively, a
single crystal semiconductor substrate or a polycrystalline
semiconductor substrate made of silicon, silicon carbide, or
the like, a compound semiconductor substrate made of silicon
germanium or the like, an SOI (silicon on insulator) substrate,
or the like can be used. Still alternatively, any of these sub-
strates further provided with a semiconductor element may be
used as the substrate 100.

A flexible substrate may alternatively be used as the sub-
strate 100. In that case, a transistor is formed directly over the
flexible substrate. Note that as a method for forming a tran-
sistor over a flexible substrate, there is also a method in which,
after a non-flexible substrate is used as the substrate 100 and
a transistor is formed thereover, the transistor is separated
from the substrate and transferred to a flexible substrate. In
that case, a separation layer is preferably provided between
the substrate 100 and the transistor.

The gate electrode 104 may be formed to have a single-
layer structure or a stacked-layer structure using one or more
of the following materials: Al, Ti, Cr, Co, Ni, Cu, Y, Zr, Mo,
Ag, Ta, and W, a nitride of any of these elements, an oxide of
any of these elements, and an alloy of any of these elements.
The oxide may contain nitrogen at higher than or equal to
5x10" cm™ and lower than or equal to 20 at. %, preferably
higher than or equal to 1x10?° cm™ and lower than or equal to
7 at. %. For example, an oxide film which contains nitrogen at
higher than or equal to 1x10?° cm™ and lower than or equal to
7 at. % and also contains In, Ga, and Znis used. Since an oxide
film has higher resistance than a metal film, in the case of
using an oxide film for the gate electrode 104, it is preferable
to use a stacked-layer structure of the oxide film and a low-
resistance film having a sheet resistance of lower than or equal
to 10 Q/sq in order to reduce the resistance of the gate elec-
trode 104. In this case, the gate electrode 104 is formed such
that the oxide film is located on the gate insulating film 112
side.

The oxide semiconductor film 106 is an n-type oxide semi-
conductor film containing a p-type oxide semiconductor
material or an n-type oxide semiconductor film containing an
insulating material such as silicon oxide or germanium oxide
as well as a p-type oxide semiconductor material. By adjust-
ing the mixture ratio of the above materials, the threshold
voltage of the transistor can be controlled.

For example, two or more kinds of elements selected from
In, Ga, Zn, and Sn may be used as the materials of the n-type
oxide semiconductor film.
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For example, for the n-type oxide semiconductor film, a
four-component metal oxide such as an In—Sn—Ga—7Zn—
O-based material; a three-component metal oxide such as an
In—Ga—Zn—0O-based material, an In—Sn—~Zn—O-based
material, an In—Al—Zn—0O-based material, a Sn—Ga—
Zn—0O-based material, an Al—Ga—Zn—0O-based material,
or a Sn—Al—7n—O-based material, a two-component
metal oxide such as an In—Zn—O-based material, a
Sn—Zn—0-based material, an Al-—Zn—O-based material,
a Zn—Mg—O-based material, a Sn—Mg—O-based mate-
rial, an In—Mg—O-based material, or an In—Ga—O-based
material; an In—O-based material; a Sn—O-based material;
a Zn—O-based material; or the like may be used. Here, for
example, an In—Ga—Zn—0-based material means an oxide
containing indium (In), gallium (Ga), and zinc (Zn), and there
is no particular limitation on the atomic ratio. Further, the
In—Ga—7n—O0-based material may contain an element
other than In, Ga, and Zn. Note that the amount of oxygen is
preferably in excess of that in stoichiometric proportion of the
oxide semiconductor film. When the amount of oxygen is in
excess of that in stoichiometric proportion, generation of
carriers which results from oxygen deficiency in the oxide
semiconductor film can be suppressed.

For example, in the case where an In—7n—O-based mate-
rial is used for the oxide semiconductor film, the atomic ratio
is set so that In/Zn is in a range of from 0.5 to 50, preferably
from 1 to 20, more preferably from 3 to 15. When the atomic
ratio of Into Zn is in the above range, the field-effect mobility
of'the transistor can be improved. Here, when the atomic ratio
of'the compound is In:Zn:O—X:Y:Z, the relation Z>1.5X+Y
is satisfied.

Further, a material represented by InMO;(Zn0),, (m>0)
may be used for the n-type oxide semiconductor film. Here, M
represents one or more metal elements selected from Ga, Al,
Mn, and Co. For example, M may be Ga, Ga and Al, Ga and
Mn, Ga and Co, or the like.

As the p-type oxide semiconductor material, for example,
a material containing any of Ni, La, Sr, Nd, Na, and Cu may
be used. Specifically, a Ni—O-based material, a Cu—O-
based material, a La—Ni—O-based material, an Nd—Ni—
O-based material, a Sr—Cu—0O-based material, a La—Cu—
O-based material, or the like may be used. Note that the
p-type oxide semiconductor material is not limited to the
above material, and any material can be used as long as the
material has a p-type semiconductor property. Instead of the
p-type oxide semiconductor material, a p-type non-oxide
semiconductor material may be used. When the p-type oxide
semiconductor material containing a metal having bond
energy with oxygen which is higher than bond energy with In
and Zn is contained in the n-type oxide semiconductor film,
release of oxygen from the n-type oxide semiconductor film
can be suppressed.

At this time, when the proportion of the p-type oxide semi-
conductor is too low, the threshold voltage can hardly change.
In addition, when the proportion of the p-type oxide semicon-
ductor is too high, the amount of electrons which are main
carriers is reduced; thus, there is a possibility that the transis-
tor characteristics cannot be obtained. Therefore, the propor-
tion of the p-type oxide semiconductor needs to be in an
appropriate range.

Note that the bond energy between oxygen and silicon in
silicon oxide and the bond energy between oxygen and ger-
manium in germanium oxide are high. Therefore, when an
insulating material such as silicon oxide or germanium oxide
is contained in the n-type oxide semiconductor film, release
of oxygen from the n-type oxide semiconductor film can be
suppressed. In the case where the n-type oxide semiconductor



US 9,082,864 B2

7

film includes a material which is easily crystallized, mixing
an insulating material in the n-type oxide semiconductor film
can suppress crystallization of the n-type oxide semiconduc-
tor film. However, when the proportion of an insulating mate-
rial contained is too low, the above effect becomes poor. In
addition, when the proportion of an insulating material con-
tained is too high, the field-effect mobility of the transistor
might be reduced. Therefore, the proportion of the insulating
material mixed needs to be in an appropriate range.

Provided that the mixture ratio (atomic ratio) of an n-type
oxide semiconductor, a p-type oxide semiconductor, and an
insulatoris X:Y:Z,Y/(X+Y) is greater than or equal to 0.0001
and less than or equal to 0.15, and Z/(X+Y +Z) is greater than
or equal to 0.01 and less than or equal to 0.3. Preferably,
Y/(X+Y) s greater than or equal to 0.01 and less than or equal
to 0.05, and Z/(X+Y +Z7) is greater than or equal to 0.01 and
less than or equal to 0.2. Note that Z may also be 0.

The oxide semiconductor film 106 can be in a single crystal
state, a polycrystalline (also referred to as polycrystal) state,
an amorphous state, or the like.

The oxide semiconductor film 106 is preferably a c-axis
aligned crystalline oxide semiconductor (CAAC-OS) film.

The CAAC-OS film is not completely single crystal nor
completely amorphous. The CAAC-OS film is an oxide semi-
conductor film with a crystal-amorphous mixed phase struc-
ture in which crystal parts are included in an amorphous
phase. Note that in most cases, the crystal part fits inside a
cube whose one side is less than 100 nm. From an observation
image obtained with a transmission electron microscope
(TEM), a boundary between an amorphous part and a crystal
part in the CAAC-OS film is not clear. Further, with the TEM,
a grain boundary in the CAAC-OS film is not found. Thus, in
the CAAC-OS film, a reduction in electron mobility, due to
the grain boundary, is suppressed.

In each of the crystal parts included in the CAAC-OS film,
a c-axis is aligned in a direction parallel to a normal vector of
a surface where the CAAC-OS film is formed or a normal
vector of a surface of the CAAC-OS film, triangular or hex-
agonal atomic arrangement which is seen from the direction
perpendicular to the a-b plane is formed, and metal atoms are
arranged in a layered manner or metal atoms and oxygen
atoms are arranged in a layered manner when seen from the
direction perpendicular to the c-axis. Note that, among crystal
parts, the directions of the a-axis and the b-axis of one crystal
part may be different from those of another crystal part. In this
specification, a simple term “perpendicular” includes a range
of from 85° to 95°. In addition, a simple term “parallel”
includes a range of from -5° to 5°.

In the CAAC-OS film, distribution of crystal parts is not
necessarily uniform. For example, in the formation process of
the CAAC-OS film, in the case where crystal growth occurs
from a surface side of the oxide semiconductor film, the
proportion of crystal parts in the vicinity of the surface of the
oxide semiconductor film is higher than that in the vicinity of
the surface where the oxide semiconductor film is formed in
some cases. Further, when an impurity is added to the CAAC-
OS film, the crystal part in a region to which the impurity is
added becomes amorphous in some cases.

Since the c-axes of the crystal parts included in the CAAC-
OS film are aligned in the direction parallel to a normal vector
of a surface where the CAAC-OS film is formed or a normal
vector of a surface of the CAAC-OS film, the directions of the
c-axes may be different from each other depending on the
shape of the CAAC-OS film (the cross-sectional shape of the
surface where the CAAC-OS film is formed or the cross-
sectional shape of the surface of the CAAC-OS film). Note
that when the CAAC-OS film is formed, the direction of the
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c-axis of the crystal part is the direction parallel to a normal
vector of the surface where the CAAC-OS film is formed ora
normal vector of the surface of the CAAC-OS film. The
crystal part is formed by film formation or by performing
treatment for crystallization such as heat treatment after film
formation.

With the use of the CAAC-OS film in the transistor, change
in electric characteristics of the transistor due to irradiation
with visible light or ultraviolet light can be reduced. Thus, the
transistor has high reliability.

The gate insulating film 112 and the interlayer insulating
film 118 may each be formed to have a stacked-layer structure
or a single-layer structure using, for example, one or more of
silicon oxide, silicon oxynitride, silicon nitride oxide, silicon
nitride, aluminum oxide, hafnium oxide, yttrium oxide, zir-
conium oxide, and the like. For example, the gate insulating
film 112 and the interlayer insulating film 118 may be formed
by a thermal oxidation method, a CVD method (such as a
plasma CVD method or a thermal CVD method), a sputtering
method, or the like. Note that for example, in the case where
a silicon oxide film is formed by a thermal oxidation method,
a silicon film may be formed and subjected to thermal oxida-
tion treatment. The silicon film may be formed using amor-
phous silicon or crystalline silicon. As each of the gate insu-
lating film 112 and the interlayer insulating film 118, a film
from which oxygen is released by heat treatment may be used.
With the use of such a film from which oxygen is released by
heat treatment, defects generated in the oxide semiconductor
film 106 can be repaired and deterioration in electric charac-
teristics of the transistor can be suppressed.

Inthis specification, silicon oxynitride refers to a substance
that contains more oxygen than nitrogen and for example,
silicon oxynitride contains oxygen, nitrogen, silicon, and
hydrogen at concentrations ranging from higher than or equal
to 50 at. % and lower than or equal to 70 at. %, higher than or
equal to 0.5 at. % and lower than or equal to 15 at. %, higher
than or equal to 25 at. % and lower than or equal to 35 at. %,
and higher than or equal to 0 at. % and lower than or equal to
10 at. %, respectively. Further, silicon nitride oxide refers to a
substance that contains more nitrogen than oxygen and for
example, silicon nitride oxide contains oxygen, nitrogen, sili-
con, and hydrogen at concentrations ranging from higher than
or equal to 5 at. % and lower than or equal to 30 at. %, higher
than or equal to 20 at. % and lower than or equal to 55 at. %,
higher than or equal to 25 at. % and lower than or equal to 35
at. %, and higher than or equal to 10 at. % and lower than or
equal to 25 at. %, respectively. Note that the above ranges are
ranges for cases where measurement is performed using
Rutherford backscattering spectrometry (RBS) and hydrogen
forward scattering spectrometry (HFS). In addition, the total
of'the percentages of the constituent elements does not exceed
100 at. %.

In the case where a material of the gate electrode 104
and/or the pair of electrodes 116 diffuses into the oxide semi-
conductor film 106 to adversely affect the transistor charac-
teristics, an insulating film in which the diffusion coefficient
of the material of the gate electrode 104 and/or the pair of
electrodes 116 is low may be used as each of the gate insu-
lating film 112 and the interlayer insulating film 118. The
interlayer insulating film 118 serves as a protective film ofthe
oxide semiconductor film 106.

To release oxygen by heat treatment means that the
released amount of oxygen which is converted into oxygen
atoms is greater than or equal to 1.0x10"® atoms/cm®, prefer-
ably greater than or equal to 3.0x10°° atoms/cm? in a thermal
desorption spectroscopy (TDS) analysis.
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Here, a method in which the amount of released oxygen is
measured by conversion into oxygen atoms using a TDS
analysis will be described below.

The amount of released gas in a TDS analysis is propor-
tional to the integral value of a spectrum. Therefore, the
amount of released gas can be calculated from the ratio
between the integral value of a measured spectrum and the
reference value of a standard sample. The reference value of
a standard sample refers to the ratio of the density of a pre-
determined atom contained in a sample to the integral value of
a spectrum.

For example, the amount of the released oxygen molecules
(Ng,) from an insulating film can be found according to
Equation 1 with the TDS analysis results of a silicon wafer
containing hydrogen at a predetermined density which is the
standard sample and the TDS analysis results of the insulating
film. Here, all spectra having a mass-to-charge ratio (M/z) of
32 which are obtained by the TDS analysis are assumed to
originate from an oxygen molecule. CH;OH, which is given
as a gas where M/z=32, is not taken into consideration on the
assumption that it is unlikely to be present. Further, an oxygen
molecule including an oxygen atom where M/z=17 or 18
which is an isotope of an oxygen atom is not taken into
consideration either because the proportion of such a mol-
ecule in the natural world is minimal.

Noo=Nzn/SimXSooxa (Equation 1)

N, is the value obtained by conversion of the amount of
hydrogen molecules desorbed from the standard sample into
densities. S, is the integral value of a spectrum when the
standard sample is subjected to the TDS analysis. Here, the
reference value of the standard sample is set to N,/S;,5. S,
is the integral value of a spectrum when the insulating film is
subjected to the TDS analysis. a is a coefficient affecting the
intensity of the spectrum in the TDS analysis. Refer to Japa-
nese Published Patent Application No. H6-275697 for details
of Equation 1. Note that the amount of released oxygen from
the above insulating film is measured with a thermal desorp-
tion spectroscopy apparatus produced by ESCO Ltd., EMD-
WA1000S/W using a silicon wafer containing hydrogen
atoms at 1x10"® atoms/cm’ as the standard sample.

Further, in the TDS analysis, oxygen is partly detected as
an oxygen atom. The ratio between oxygen molecules and
oxygen atoms can be calculated from the ionization rate of the
oxygen molecules. Note that, since the above a includes the
ionization rate of the oxygen molecules, the amount of the
released oxygen atoms can also be estimated through the
evaluation of the amount of the released oxygen molecules.

Note that N, is the amount of the released oxygen mol-
ecules. The amount of released oxygen converted into oxygen
atoms is twice the amount of the released oxygen molecules.

In the above structure, the film from which oxygen is
released by heat treatment may be oxygen-excess silicon
oxide (Si0,(X>2)). In the oxygen-excess silicon oxide (SiO,,
(X>2)), the number of oxygen atoms per unit volume is more
than twice the number of silicon atoms per unit volume. The
number of silicon atoms and the number of oxygen atoms per
unit volume are measured by Rutherford backscattering spec-
trometry.

By supplying oxygen from the gate insulating film 112 or
the interlayer insulating film 118 to the oxide semiconductor
film 106, the interface state density between the oxide semi-
conductor film 106 and the gate insulating film 112 or the
interface state density between the oxide semiconductor film
106 and the interlayer insulating film 118 can be decreased.
As a result, carrier trapping due to an operation of the tran-
sistor or the like at the interface between the oxide semicon-
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ductor film 106 and the gate insulating film 112 or the inter-
face between the oxide semiconductor film 106 and the
interlayer insulating film 118 can be suppressed, and thus, a
transistor with less deterioration in electric characteristics can
be obtained.

Further, electric charge is generated owing to oxygen defi-
ciency in the oxide semiconductor film in some cases. In
general, part of oxygen deficiency in an oxide semiconductor
film serves as a donor and causes release of an electron which
is a carrier. As a result, the threshold voltage of a transistor
shifts in the negative direction. When oxygen is sufficiently
supplied from the gate insulating film 112 or the interlayer
insulating film 118 to the oxide semiconductor film 106,
oxygen deficiency in the oxide semiconductor film which
causes the shift of the threshold voltage of the transistor in the
negative direction can be reduced.

In other words, by providing a film from which oxygen is
released by heat treatment for the gate insulating film 112 or
the interlayer insulating film 118, the interface state density at
an interface between the oxide semiconductor film 106 and
the gate insulating film 112 or the interface state density at an
interface between the oxide semiconductor film 106 and the
interlayer insulating film 118, and the oxygen deficiency in
the oxide semiconductor film 106 can be reduced. Thus, the
influence of carrier trapping at the interface between the oxide
semiconductor film 106 and the gate insulating film 112 or at
the interface between the oxide semiconductor film 106 and
the interlayer insulating film 118 can be reduced.

The pair of electrodes 116 may be formed with a single-
layer structure or a stacked-layer structure using a metal film,
a metal nitride film, a metal oxide film, an alloy film, or the
like given for the gate electrode 104.

When a film containing Cu is used for the pair of electrodes
116, the resistance of a wiring can be reduced, and generation
of wiring delays or the like even in a large-sized display
device can be reduced. In the case of using Cu for the pair of
electrodes 116, an adhesion property to the substrate 100
becomes poor depending on the material of the substrate 100;
thus, it is preferable for the pair of electrodes 116 to have a
stacked-layer structure including a film having a favorable
adhesion property to the substrate 100. As the film having a
favorable adhesion property to the substrate 100, a metal film
or an alloy film containing one or more of Ti, Mo, Mn, Cu, Al,
and the like may be used. For example, a Cu—Mn—Al alloy
may be used.

As described above, by using an n-type oxide semiconduc-
tor film containing a p-type oxide semiconductor material for
achannel region, stable electric characteristics can be givento
a transistor and thus a highly reliable semiconductor device
can be manufactured.

This embodiment can be implemented in appropriate com-
bination with the other embodiments.

Embodiment 2

Inthis embodiment, a transistor having a structure different
from that of the transistor described in Embodiment 1 will be
described.

FIGS. 2A to 2C are a top view and cross-sectional views of
atransistor according to an embodiment of the present inven-
tion. A cross section along dashed-dotted line A-B in FIG. 2A
and a cross section along dashed-dotted line C-D in FIG. 2A
correspond to a cross section A-B in FIG. 2B and a cross
section C-D in FIG. 2C, respectively.

The cross section A-B in FIG. 2B will be described in detail
below.
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The transistor illustrated in FIG. 2B includes a gate elec-
trode 104 over a substrate 100, a gate insulating film 112
covering the gate electrode 104, a pair of electrodes 216 over
the gate insulating film 112, an oxide semiconductor film 206
which is over the pair of electrodes 216 and partly in contact
with the pair of electrodes 216, and an interlayer insulating
film 218 covering the gate insulating film 112, the pair of
electrodes 216, and the oxide semiconductor film 206. The
pair of electrodes 216, the oxide semiconductor film 206, and
the interlayer insulating film 218 may be formed using mate-
rials and methods similar to those of the pair of electrodes
116, the oxide semiconductor film 106, and the interlayer
insulating film 118 described in Embodiment 1, respectively.

In addition, with the use of the oxide semiconductor film
106 described in Embodiment 1 as the oxide semiconductor
film 206, a transistor in which the interface state density at an
interface between the oxide semiconductor film and the gate
insulating film in contact with the oxide semiconductor filmis
low can be obtained.

FIGS.3Ato 3C are a top view and cross-sectional views of
atransistor according to an embodiment of the present inven-
tion. A cross section along dashed-dotted line A-B in FIG. 3A
and a cross section along dashed-dotted line C-D in FIG. 3A
correspond to a cross section A-B in FIG. 3B and a cross
section C-D in FIG. 3C, respectively.

The cross section A-B in FIG. 3B will be described in detail
below.

The transistor illustrated in FIG. 3B includes an oxide
semiconductor film 306 over a base insulating film 302 pro-
vided over a substrate 100, a pair of electrodes 316 which are
over the oxide semiconductor film 306 and partly in contact
with the oxide semiconductor film 306, a gate insulating film
312 covering the oxide semiconductor film 306 and the pair of
electrodes 316, and a gate electrode 304 provided over the
oxide semiconductor film 306 with the gate insulating film
312 interposed therebetween. Here, the pair of electrodes
316, the oxide semiconductor film 306, the gate electrode
304, and the gate insulating film 312 may be formed using
materials and methods similar to those of the pair of elec-
trodes 116, the oxide semiconductor film 106, the gate elec-
trode 104, and the gate insulating film 112 described in
Embodiment 1, respectively.

The base insulating film 302 can be formed using a material
and a method similar to those of the gate insulating film 312.

FIGS. 4A to 4C are a top view and cross-sectional views of
atransistor according to an embodiment of the present inven-
tion. A cross section along dashed-dotted line A-B in FIG. 4A
and a cross section along dashed-dotted line C-D in FIG. 4A
correspond to a cross section A-B in FIG. 4B and a cross
section C-D in FIG. 4C, respectively.

The cross section A-B in FIG. 4B will be described in detail
below.

The transistor illustrated in FIG. 4B includes a pair of
electrodes 416 over a base insulating film 302 provided over
a substrate 100, an oxide semiconductor film 406 which is
over the pair of electrodes 416 and partly in contact with the
pair of electrodes 416, a gate insulating film 412 covering the
oxide semiconductor film 406 and the pair of electrodes 416,
and a gate electrode 404 provided over the oxide semicon-
ductor film 406 with the gate insulating film 412 interposed
therebetween. Here, the pair of electrodes 416, the oxide
semiconductor film 406, the gate electrode 404, and the gate
insulating film 412 may be formed using materials and meth-
ods similar to those of the pair of electrodes 116, the oxide
semiconductor film 106, the gate electrode 104, and the gate
insulating film 112 described in Embodiment 1, respectively.
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Note thatin FIGS. 2A to 2C, FIGS.3At0 3C, and FIGS.4A
to 4C, the lateral length and the longitudinal length of the gate
electrode are larger than those of the oxide semiconductor
film in the top view in order to prevent light from causing
deterioration of the oxide semiconductor film or electric
charge generation in the oxide semiconductor film; however,
the present invention is not limited to this structure. The
lateral length and the longitudinal length of the oxide semi-
conductor film in the top view may be larger than those of the
gate electrode.

FIGS. 5A to 5C are a top view and cross-sectional views of
atransistor according to an embodiment of the present inven-
tion. A cross section along dashed-dotted line A-B in FIG. 5A
and a cross section along dashed-dotted line C-D in FIG. SA
correspond to a cross section A-B in FIG. 5B and a cross
section C-D in FIG. 5C, respectively.

The cross section A-B in FIG. 5B will be described in detail
below.

The transistor illustrated in FIG. 5B includes an oxide
semiconductor film 506 including regions 526 and a region
521 over a base insulating film 302 provided over a substrate
100, a gate insulating film 512 over the region 521, a gate
electrode 504 over the gate insulating film 512, an interlayer
insulating film 518 covering the base insulating film 302, the
regions 526, the gate insulating film 512, and the gate elec-
trode 504, and a pair of electrodes 516 in contact with the
regions 526 through opening portions which are provided in
the interlayer insulating film 518 to expose the regions 526.
Here, the pair of electrodes 516, the oxide semiconductor film
506, the gate electrode 504, the interlayer insulating film 518,
and the gate insulating film 512 may be formed using mate-
rials and methods similar to those of the pair of electrodes
116, the oxide semiconductor film 106, the gate electrode
104, the interlayer insulating film 118, and the gate insulating
film 112 described in Embodiment 1, respectively.

The gate insulating film 512 and the gate electrode 504 may
have substantially the same top surface shape. This shape can
be obtained by processing the gate electrode 504 and the gate
insulating film 512 together with the use of one mask. Note
that after formation of the gate electrode 504 and the gate
insulating film 512, the width of the gate electrode 504 may be
narrowed by performing plasma treatment or chemical treat-
ment.

The region 521 may have substantially the same top sur-
face shape as the gate insulating film 512 or the gate electrode
504. This shape is obtained by forming the regions 526 of the
oxide semiconductor film 506 with the use of the gate insu-
lating film 512 or the gate electrode 504 as a mask. For
example, with the use of the gate insulating film 512 or the
gate electrode 504 as a mask, an impurity (such as boron,
phosphorus, hydrogen, a rare gas, or nitrogen) is introduced
to the oxide semiconductor film 506, so that regions whose
resistance is reduced are formed as the regions 526. Note that
the region 521 is a region other than the regions 526 in the
oxide semiconductor film 506.

The region 521 has a function as a channel formation
region of the transistor. Further, the regions 526 have a func-
tion as a source region and a drain region of the transistor.

FIGS. 6A to 6C are a top view and cross-sectional views of
atransistor according to an embodiment of the present inven-
tion. A cross section along dashed-dotted line A-B in FIG. 6 A
and a cross section along dashed-dotted line C-D in FIG. 6A
correspond to a cross section A-B in FIG. 6B and a cross
section C-D in FIG. 6C, respectively.

The cross section A-B in FIG. 6B will be described in detail
below.
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The transistor illustrated in FIG. 6B includes a gate elec-
trode 604 over a substrate 100, a gate insulating film 612
covering the gate electrode 604, an oxide semiconductor film
606 which includes regions 626 and a region 621 and is
provided over the gate electrode 604 with the gate insulating
film 612 interposed therebetween, an interlayer insulating
film 618 covering the oxide semiconductor film 606 and the
gate insulating film 612, and a pair of electrodes 616 which
are in contact with the regions 626 through opening portions
which are provided in the interlayer insulating film 618 to
expose the regions 626. Here, the pair of electrodes 616, the
oxide semiconductor film 606, the gate electrode 604, the
interlayer insulating film 618, and the gate insulating film 612
may be formed using materials and methods similar to those
of the pair of electrodes 116, the oxide semiconductor film
106, the gate electrode 104, the interlayer insulating film 118,
and the gate insulating film 112 described in Embodiment 1,
respectively. Further, the region 621 and the regions 626 may
each be formed using a material and a method similar to those
of the region 521 and the regions 526.

In FIGS. 6A to 6C, the gate insulating film 612, the gate
electrode 604, and the region 621 have substantially the same
top surface shape; however, they are not limited thereto. The
gate insulating film 612, the gate electrode 604, and the region
621 may have different shapes from each other.

In the above-described manner, a transistor whose thresh-
old voltage is controlled can be provided. Therefore, a semi-
conductor device with low power consumption, favorable
electric characteristics, and high reliability can be manufac-
tured with high productivity.

This embodiment can be implemented in appropriate com-
bination with the other embodiments.

Embodiment 3

In this embodiment, a liquid crystal display device manu-
factured using the transistor described in Embodiment 1 or 2
will be described. Note that although an example in which an
embodiment of the present invention is applied to the liquid
crystal display device is described in this embodiment, the
present invention is not limited thereto. For example, appli-
cation of an embodiment of the present invention to an elec-
troluminescence (EL) display device is readily conceived by
those skilled in the art.

FIG. 7 is a circuit diagram of an active matrix liquid crystal
display device. The liquid crystal display device includes
source lines SI._ 1 to SL._a, gate lines GI.__1to GL_b,and a
plurality of pixels 200. Each pixel 200 includes a transistor
230, a capacitor 220, and a liquid crystal element 210. A
plurality of the pixels 200 with such a structure form a pixel
portion of the liquid crystal display device. In the case where
the source line or the gate line is simply mentioned, it is
denoted as the source line SL or the gate line GL.

The transistor described in Embodiment 1 or 2 is used as
the transistor 230. With the use of the transistor according to
an embodiment of the present invention, a liquid crystal dis-
play device with low power consumption and high reliability
can be obtained.

The gate line GL is connected to a gate of the transistor 230,
the source line SL is connected to a source of the transistor
230, and a drain of the transistor 230 is connected to one of
capacitor electrodes of the capacitor 220 and one of pixel
electrodes of the liquid crystal element 210. The other of the
capacitor electrodes of the capacitor 220 and the other of the
pixel electrodes of the liquid crystal element 210 are each
connected to a common electrode. Note that the common
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electrode may be formed using the same material and in the
same layer as the gate line GL.

Further, the gate line GL is connected to a gate driver
circuit. The gate driver circuit may include the transistor
described in Embodiment 1 or 2. Since the threshold voltage
of the transistor is controlled, the off-state current can be
decreased, and a voltage for turning on the transistor can be
low. Thus, power consumption can be reduced.

The source line SL is connected to a source driver circuit.
The source driver circuit may include the transistor described
in Embodiment 1 or 2. Since the threshold voltage of the
transistor is controlled, the off-state current can be decreased,
and a voltage for turning on the transistor can be low. Thus,
power consumption can be reduced.

One of or both the gate driver circuit and the source driver
circuit may be formed over a substrate which is separately
prepared and connected by a connection method such as a
chip on glass (COG) method, a wire bonding method, or a
tape automated bonding (TAB) method.

Since a transistor is easily broken by static electricity orthe
like, a protection circuit is preferably provided. The protec-
tion circuit is preferably formed using a nonlinear element.

On application of a potential that is higher than or equal to
the threshold voltage of the transistor 230 to the gate line GL,,
electric charge supplied from the source line SL flows as a
drain current of the transistor 230 and is accumulated in the
capacitor 220. After charging for one row, the transistors 230
in the row are turned off and voltage application from the
source line SL stops; however, a necessary voltage can be kept
by the electric charge accumulated in the capacitors 220.
Then, charging of the capacitors 220 in the next row starts. In
this manner, charging for the first row to the b-th row is carried
out.

Note that in the case where a transistor whose off-state
current is small is used as the transistor 230, a time period
during which the voltage is held can be longer. By this effect,
the frequency of rewriting display can be reduced in the case
of an image with little motion (including a still image); thus,
a further reduction in power consumption can be achieved. In
addition, the capacitance of the capacitor 220 can be further
reduced, so that power consumption needed for charging can
be reduced.

As described above, according to an embodiment of the
present invention, a liquid crystal display device with high
reliability and low power consumption can be obtained.

This embodiment can be implemented in appropriate com-
bination with the other embodiments.

Embodiment 4

In this embodiment, an example of manufacturing a semi-
conductor memory device using the transistor described in
Embodiment 1 or 2 will be described.

Typical examples of a volatile semiconductor memory
device include a dynamic random access memory (DRAM)
which stores data by selecting a transistor included in a
memory element and accumulating electric charge in a
capacitor and a static random access memory (SRAM) which
holds stored data using a circuit such as a flip-flop.

Typical examples of a nonvolatile semiconductor memory
device include a flash memory which has a floating gate
between a gate electrode and a channel formation region of a
transistor and stores data by holding electric charge in the
floating gate.

The transistor described in Embodiment 1 or 2 can be
applied to part of transistors included in the above-described
semiconductor memory device.
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First, a memory cell which is a DRAM to which the tran-
sistor described in Embodiment 1 or 2 is applied will be
described with reference to FIGS. 8A and 8B.

A memory cellillustrated in FIG. 8 A includes a bit line BL,,
a word line WL, a sense amplifier SAmp, a transistor Tr, and
a capacitor C.

A potential held in the capacitor C is gradually decreased
with time as shown in FIG. 8B owing to the off-state current
of'the transistor Tr. A potential originally charged from VO to
V1 is decreased with time, to VA that is a limit for reading out
data 1. This period is called a holding period T__1. In the case
of a two-level memory cell, refresh operation needs to be
performed within the holding period T__1.

Here, the transistor described in Embodiment 1 or 2 is used
as the transistor Tr. Since the threshold voltage of the transis-
tor is controlled and the off-state current of the transistor is
small, the holding period T__1 can be long. That is, frequency
of the refresh operation can be reduced, which results in a
reduction in power consumption. For example, by employing
a transistor in which a highly purified oxide semiconductor
film is included and the off-state current is less than or equal
to 1x1072! A, preferably less than or equal to 1x1072* A, data
can be held in the capacitor C for several days to several
decades without supply of electric power.

As described above, by employing the transistor according
to an embodiment of the present invention, a semiconductor
memory device with high reliability and low power consump-
tion can be obtained.

Next, a nonvolatile memory to which the transistor
described in Embodiment 1 or 2 is applied will be described
with reference to FIGS. 9A and 9B.

FIG. 9A is a circuit diagram of a nonvolatile memory. The
nonvolatile memory includes a transistor Tr 1, a word line
WL__1 connected to a gate of the transistor Tr__1, a source
line SL_ 1 connected to a source of the transistor Tr_1, a
transistor Tr__2, a source line SL.__2 connected to a source of
the transistor Tr__ 2, adrain line DL__2 connected to a drain of
the transistor Tr_ 2, a capacitor C, a capacitor wiring CL
connected to one terminal of the capacitor C, and a node N
connected to the other terminal of the capacitor C, a drain of
the transistor Tr__1, and a gate of the transistor Tr_ 2.

The nonvolatile memory described in this embodiment
utilizes change in the threshold voltage of the transistor Tr_ 2,
which depends on the potential of the node N. FIG. 9B shows
arelation between a potential V -, of the capacitor wiring CL.
and a drain current Ids_ 2 flowing through the transistor
Tr 2.

The potential of the node N can be adjusted by accumulat-
ing or releasing electric charge in the capacitor C through the
transistor Tr__1. For example, the potential of the source line
SL._ 1 is set to VDD. In this case, when the potential of the
word line WL __1 is set to be higher than or equal to a potential
obtained by adding VDD to the threshold voltage Vth of the
transistor Tr_ 1, the potential of the node N can be HIGH.
Further, when the potential of the word line WL.__1 is setto be
lower than or equal to the threshold voltage Vth of the tran-
sistor Tr__1, the potential of the node N can be LOW.

Thus, either a V;-Ids_ 2 curve (N=LOW) or a V-
Ids_ 2 curve (N=HIGH) is obtained. That is, when N=L.LOW,
Ids_ 2 is small at a V-, of 0V; accordingly, data O is stored.
Further, when N=HIGH, Ids_ 2 is large at a V, of 0V;
accordingly, data 1 is stored. In such a manner, data can be
stored.

Here, the transistor described in Embodiment 1 or 2 is
applied to the transistor Tr__1. Since the off-state current of
the transistor can be very small, electric charge accumulated
in the capacitor C can be prevented from leaking without
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intension through the transistor Tr__1. As a result, data can be
held for along time. Further, since the threshold voltage of the
transistor Tr__1 in accordance with an embodiment of the
present invention is controlled, a voltage needed for writing
can be reduced, and thus, power consumption can be less than
that of a flash memory or the like.

Note that the transistor described in Embodiment 1 or 2
may be applied to the transistor Tr_ 2.

Next, a configuration of the nonvolatile memory shown in
FIG. 9A without the capacitor C will be described with ref-
erence to FIG. 10.

FIG. 10 is a circuit diagram of a nonvolatile memory. The
nonvolatile memory includes a transistor Tr__1, a word line
WL__1 connected to a gate of the transistor Tr_1, a source
wiring SL.__1 connected to a source of the transistor Tr_1, a
transistor Tr_ 2, a source wiring SL._ 2 connected to a source
ofthe transistor Tr__2, a drain line DL__2 connected to a drain
of the transistor Tr_ 2, and a gate of the transistor Tr 2
connected to a drain of the transistor Tr 1.

In the case where a transistor whose off-state current is
small is used as the transistor Tr_ 1, electric charge can be
held between the drain of the transistor Tr__1 and the gate of
the transistor Tr_ 2 without the capacitor C. The configura-
tion without the capacitor C makes it possible to reduce the
area of a memory, and the integration degree can be more
increased than that of the configuration with a capacitor.

Although the nonvolatile memory including four or five
wirings is described in this embodiment, a configuration of
the nonvolatile memory is not limited thereto. For example, a
configuration in which one wiring functions as the source line
SL._ 1 and the drain line DL._ 2 may be employed.

As described above, according to an embodiment of the
present invention, a semiconductor memory device with high
reliability for a long time and low power consumption can be
obtained.

This embodiment can be implemented in appropriate com-
bination with the other embodiments.

Embodiment 5

A central processing unit (CPU) can be formed using the
transistor described in Embodiment 1 or 2 for at least part of
the CPU.

FIG.11Ais a block diagram illustrating a specific structure
of a CPU. The CPU illustrated in FIG. 11A includes an
arithmetic logic unit (ALU) 1191, an AL U controller 1192, an
instruction decoder 1193, an interrupt controller 1194, a tim-
ing controller 1195, a register 1196, a register controller
1197, a bus interface (Bus I/F) 1198, a rewritable ROM 1199,
and an ROM interface (ROM I/F) 1189 over a substrate 1190.
A semiconductor substrate, an SOI substrate, a glass sub-
strate, or the like is used as the substrate 1190. The ROM 1199
and the ROM interface 1189 may each be provided over a
separate chip. Needless to say, the CPU illustrated in FIG.
11A is just an example in which the configuration has been
simplified, and an actual CPU may have various configura-
tions depending on the application.

An instruction that is input to the CPU through the bus
interface 1198 is input to the instruction decoder 1193 and
decoded therein, and then, input to the ALU controller 1192,
the interrupt controller 1194, the register controller 1197, and
the timing controller 1195.

The ALU controller 1192, the interrupt controller 1194, the
register controller 1197, and the timing controller 1195 con-
duct various controls in accordance with the decoded instruc-
tion. Specifically, the ALU controller 1192 generates signals
for controlling the operation of the ALU 1191. While the CPU
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is executing a program, the interrupt controller 1194 judges
an interrupt request from an external input/output device or a
peripheral circuit on the basis of its priority or a mask state,
and processes the request. The register controller 1197 gen-
erates an address of the register 1196, and reads/writes data
from/into the register 1196 in accordance with the state of the
CPU.

The timing controller 1195 generates signals for control-
ling operation timings of the AL U 1191, the ALU controller
1192, the instruction decoder 1193, the interrupt controller
1194, and the register controller 1197. For example, the tim-
ing controller 1195 includes an internal clock generation
portion for generating an internal clock signal CL.LK2 based on
a reference clock signal CLLK1, and supplies the clock signal
CLK?2 to the above circuits.

In the CPU illustrated in FIG. 11A, a memory element is
provided in the register 1196. The semiconductor memory
device described in Embodiment 4 can be used as the memory
element provided in the register 1196.

In the CPU illustrated in FIG. 11A, the register controller
1197 selects operation of holding data in the register 1196 in
accordance with an instruction from the ALU 1191. That is,
the register controller 1197 selects whether data is held by a
phase-inversion element or a capacitor in the memory ele-
ment included in the register 1196. When data holding by the
phase-inversion element is selected, power supply voltage is
supplied to the memory element in the register 1196. When
data holding by the capacitor is selected, the data is rewritten
in the capacitor, and supply of power supply voltage to the
memory element in the register 1196 can be stopped.

The supply of the power supply voltage can be stopped by
providing a switching element between a memory element
group and a node to which a power supply potential VDD or
a power supply potential VSS is supplied, as illustrated in
FIG. 11B or FIG. 11C. Circuits illustrated in FIGS. 11B and
11C will be described below.

FIGS. 11B and 11C each illustrate an example of a con-
figuration of a memory circuit including a transistor
described in Embodiment 1 or 2 as a switching element for
controlling supply of a power supply potential to a memory
element.

The memory device illustrated in FIG. 11B includes a
switching element 1141 and a memory element group 1143
including a plurality of memory elements 1142. Specifically,
as each of the memory elements 1142, the memory element
described in Embodiment 4 can be used. Each of the memory
elements 1142 included in the memory element group 1143 is
supplied with the high-level power supply potential VDD via
the switching element 1141. Further, each of the memory
elements 1142 included in the memory element group 1143 is
supplied with a potential of a signal IN and the low-level
power supply potential VSS.

In FIG. 11B, the transistor described in Embodiment 1 or 2
is used as the switching element 1141, and the switching of
the transistor is controlled by a signal SigA supplied to a gate
electrode thereof.

Note that FIG. 11B illustrates the configuration in which
the switching element 1141 includes only one transistor;
however, without limitation thereto, the switching element
1141 may include a plurality of transistors. In the case where
the switching element 1141 includes a plurality of transistors
which serve as switching elements, the plurality of transistors
may be connected to each other in parallel, in series, or in
combination of parallel connection and series connection.

Although the switching element 1141 controls the supply
of the high-level power supply potential VDD to each of the
memory elements 1142 included in the memory element
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group 1143 in FIG. 11B, the switching element 1141 may
control the supply of the low-level power supply potential
VSS.

InFIG. 11C, an example of a memory device in which each
of the memory elements 1142 included in the memory ele-
ment group 1143 is supplied with the low-level power supply
potential VSS via the switching element 1141 is illustrated.
The supply of the low-level power supply potential VSS to
each of the memory elements 1142 included in the memory
element group 1143 can be controlled by the switching ele-
ment 1141.

Data can be held even in the case where a switching ele-
ment is provided between a memory element group and a
node to which the power supply potential VDD or the power
supply potential VSS is supplied, an operation of a CPU is
temporarily stopped, and the supply of the power supply
voltage is stopped; accordingly, power consumption can be
reduced. For example, while a user of a personal computer
does not input data to an input device such as a keyboard, the
operation of the CPU can be stopped, so that the power
consumption can be reduced.

Although the CPU is given as an example, the transistor
can also be applied to an LSI such as a digital signal processor
(DSP), a custom LSI, or a field programmable gate array
(FPGA).

This embodiment can be implemented in appropriate com-
bination with the above-described embodiments.

Embodiment 6

In this embodiment, examples of an electronic device to
which any of Embodiments 1 to 5 is applied will be described.

FIG. 12A illustrates a portable information terminal. The
portable information terminal includes a housing 9300, a
button 9301, a microphone 9302, a display portion 9303, a
speaker 9304, and a camera 9305, and has a function as a
mobile phone. The liquid crystal display device described in
Embodiment 3 can be applied to the display portion 9303 and
the camera 9305. Although not illustrated, the semiconductor
device described in Embodiment 4 or 5 can be applied to an
arithmetic device, a wireless circuit, or a memory circuit in a
main body.

FIG. 12B illustrates a display which includes a housing
9310 and a display portion 9311. The liquid crystal display
device described in Embodiment 3 can be applied to the
display portion 9311. When the liquid crystal display device
described in Embodiment 3 is employed, a display having
high display quality can be provided even in the case where
the size of the display portion 9311 is increased.

FIG. 12C illustrates a digital still camera. The digital still
camera includes a housing 9320, a button 9321, a microphone
9322, and a display portion 9323. The liquid crystal display
device described in Embodiment 3 can be applied to the
display portion 9323. Although not illustrated, the semicon-
ductor device described in Embodiment 4 or 5 can be applied
to a memory circuit or an image sensor.

In accordance with this embodiment, the cost of the elec-
tronic devices can be reduced.

This embodiment can be implemented in appropriate com-
bination with the other embodiments.

Example 1

In this example, the electric characteristics of transistors
according to embodiments of the present invention, and TDS
spectra, transmissivity, reflectivity, and X-ray diffraction
(XRD) spectra of oxide semiconductor films included in the
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transistors will be described with reference to FIGS. 13A and
13B, FIGS. 14A and 14B, FIGS. 15A and 15B, FIGS. 16A
and 16B, FIGS. 17A and 17B, FIGS. 18A and 18B, FIGS.
19A and 19B, FIGS. 20A and 20B, and FIGS. 21A and 21B.
In addition, results of performing RBS and Hall effect mea-
surement on the oxide semiconductor films included in the
transistors are shown in Tables 1 to 3.

A transistor was manufactured by the following method.

First, over a glass substrate, a silicon oxynitride film was
formed with a thickness 0f 100 nm as a base insulating film by
a plasma CVD method.

Next, a tungsten film was formed with a thickness of 150
nm by a sputtering method and processed to form a gate
electrode.

Then, a gate insulating film covering the base insulating
film and the gate electrode was formed by a plasma CVD
method.

After that, a titanium film was formed with a thickness of
100 nm by a sputtering method and processed to form a
source electrode and a drain electrode.

Then, an In—Sn—=Si—O film which was an n-type oxide
semiconductor film containing NiO which was a p-type oxide
semiconductor material was formed by a sputtering method
and processed to form an oxide semiconductor film including
a channel region. The In—Sn—Si—O film was formed in
such a manner that an In—Sn—Si—O target (with a molar
ratio of In,0;:8n0,:S10,=24:5:21 and a circular shape with
a diameter of 8 inches) was used and a sintered body of NiO
was placed on the target in forming the film. Other film
formation conditions were as follows: Ar with a flow of 10
sccm and O, with a flow of 5 sccm were used as a film
formation gas, the distance between the target and the sub-
strate was 170 mm, and electric power was 0.5 kW. Table 1
shows the results of evaluating the compositions of oxide
semiconductor films each formed as described above using
RBS as a single film. Samples 1 to 4 are different from each
other in the amount of the sintered body of NiO on the target.
Note that the oxide semiconductor films were each formed
over a silicon wafer for performing the analysis easily. Since
itis difficult to separate In and Sn in RBS, they are denoted by
In+Sn.

TABLE 1
RBS composition [at. %]
Si In + Sn (¢] Ni Ar
Sample 1 8.8 25.3 65.4 — 0.5
Sample 2 8.5 24.8 65.6 0.7 0.4
Sample 3 8.3 23.5 65.1 2.7 0.4
Sample 4 6.9 20.0 63.9 8.8 0.4

Then, the glass substrate was subjected to heat treatment at
350° C. for 1 hour in the air atmosphere (the volume ratio:
N,:0,=80:20) in an electric furnace.

Through the above process, a transistor with a bottom-gate
bottom-contact structure was manufactured.

FIG. 13A, FIG. 13B, FIG. 14A, and FIG. 14B respectively
show curves of drain current (Ids) vs. gate voltage (Vgs) of
transistors including the oxide semiconductor films of
Samples 1, 2, 3, and 4. Measurement was performed on 15
points in a substrate plane under the condition that the drain
voltage Vds was 3 V, the channel length (L) was 20 um, and
the channel width (W) was 20 pm.

From the obtained Ids-Vgs curves, it was found that the
average threshold voltage in the case of using the oxide semi-
conductor film of Sample 1 was 0.41V, the average threshold
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voltage in the case of using the oxide semiconductor film of
Sample 2 was 0.82 V, and the average threshold voltage in the
case of using the oxide semiconductor film of Sample 3 was
1.54 V. In the case of using the oxide semiconductor film of
Sample 4, the transistor characteristics could not be obtained
in the measurement range. The above results show that the
threshold voltage of the transistor can be controlled when
NiO that is a p-type oxide semiconductor material is con-
tained in an n-type oxide semiconductor film and that when
the Ni is contained at higher than or equal to 8.8 at. %, the
transistor characteristics cannot be obtained.

Then, the physical properties of the oxide semiconductor
films used for the transistors were each evaluated as a single
film.

FIGS. 15A and 15B show TDS spectra of the oxide semi-
conductor films corresponding to Samples 1 and 4 in which
M/z=18 and which are formed over a glass substrate. FIG.
15A shows a TDS spectrum of Sample 1 and FIG. 15B shows
a TDS spectrum of Sample 4. Sample 1 has a peak 1 in the
range 0 70° C. to 100° C. and a peak 2 in the range 0£340° C.
to 380° C. Sample 4 has a peak 1 in the temperature range
similar to that of Sample 1 but it is estimated that it has a peak
2 in the range of higher than or equal to 380° C. which is not
in the measurement range. That is, desorption of H,O or the
like in which M/z=18 is less likely to be caused in Sample 4
than in Sample 1 when heat treatment is performed on
Samples 1 and 4 under the same condition. This is attributed
to NiO which is a p-type oxide semiconductor material con-
tained in Sample 4.

FIGS. 16A and 16B, FIGS. 17A and 17B, FIGS. 18A and
18B, and FIGS. 19A and 19B show transmissivity and reflec-
tivity of the oxide semiconductor films corresponding to
Samples 1 to 4, respectively. The transmissivity and reflec-
tivity were measured with the use of a spectrophotometer,
U-4000, manufactured by Hitachi High-Technologies Corpo-
ration. FIGS. 16A and 16B show transmissivity and reflec-
tivity of Sample 1. FIGS. 17A and 17B show transmissivity
and reflectivity of Sample 2. FIGS. 18A and 18B show trans-
missivity and reflectivity of Sample 3. FIGS. 19A and 19B
show transmissivity and reflectivity of Sample 4. It was found
that each sample has high transmissivity and is transparent in
the visible light region.

Further, it was found that as the proportion of NiO was
increased, the transmissivity in a short wavelength range
(around 400 nm) was gradually decreased.

FIGS. 20A and 20B and FIGS. 21A and 21B show XRD
spectra of the oxide semiconductor films corresponding to
Samples 1 to 4 formed over a glass substrate. The XRD
spectra were measured with the use of an X-ray diffractome-
ter D8 ADVANCE manufactured by Bruker AXS. FIGS. 20A
and 20B and FIGS. 21A and 21B show XRD spectra of
Samples 1, 2, 3, and 4, respectively. In each graph, a solid line
3001 denotes the oxide semiconductor film which was not
subjected to heat treatment or the like after being formed
(as-depo), a solid line 3002 denotes the oxide semiconductor
film which was subjected to heat treatment at 250° C. in a
nitrogen atmosphere after being formed, a solid line 3003
denotes the oxide semiconductor film which was subjected to
heat treatment at 350° C. in a nitrogen atmosphere after being
formed, and a solid line 3004 denotes the oxide semiconduc-
tor film which was subjected to heat treatment at 450° C. in a
nitrogen atmosphere after being formed. FIGS. 20A and 20B
and FIGS. 21A and 21B show that each sample was not
crystallized by the heat treatment described above and amor-
phous.

Table 2 and Table 3 show carrier density and Hall mobility
respectively obtained by Hall effect measurement performed
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on the oxide semiconductor films corresponding to Samples 1
to 4 formed over a glass substrate. ResiTest8300 series manu-
factured by TOYO Corporation was used for the Hall effect
measurement. In this example, Samples 1 to 4 subjected to
heat treatment at 250° C., 350° C., or 450° C. in a nitrogen
atmosphere after being formed were also evaluated. Note that
a sample with very low conductivity could not be evaluated
because of performance of the Hall effect measurement
device (denoted by “~” in the tables).

TABLE 2

Carrier Density [em ]

Heat Not

Treatment Performed 250° C. 350° C. 450° C.
Sample 1 6.7E+10 3.7E+15 1.5E+17 1.8E+18
Sample 2 — — 2.9E+15 4.4E+17
Sample 3 — — — 8.2E+16
Sample 4 — — — —
TABLE 3
Hall Mobility [em?/Vs]
Heat Not

Treatment Performed 250° C. 350° C. 450° C.

Sample 1 — 1.9 1.7 2.5

Sample 2 — — 0.9 1.9

Sample 3 — — — 2.0

Sample 4 — — — —

Table 2 shows a tendency in which the carrier (electron)
density of the oxide semiconductor film was reduced as the
proportion of NiO which is a p-type oxide semiconductor
material was increased and a tendency in which the carrier
density of the oxide semiconductor film was increased as the
temperature of the heat treatment after the film formation was
increased.

Table 3 shows that the Hall mobility of the oxide semicon-
ductor films was in the range of 0.9 to 2.5 cm?/Vs.

EXPLANATION OF REFERENCE

100: substrate, 104: gate electrode, 106: oxide semiconductor
film, 112: gate insulating film, 116: pair of electrodes, 118:
interlayer insulating film, 200: pixel, 206: oxide semicon-
ductor film, 210: liquid crystal element, 216: pair of elec-
trodes, 218: interlayer insulating film, 220: capacitor, 230:
transistor, 302: base insulating film, 304: gate electrode,
306: oxide semiconductor film, 312: gate insulating film,
316: pair of electrodes, 404: gate electrode, 406: oxide

semiconductor film, 412: gate insulating film, 416: pair of

electrodes, 504: gate electrode, 506: oxide semiconductor
film, 512: gate insulating film, 516: pair of electrodes, 518:
interlayer insulating film, 521: region, region, 526: region,
604: gate electrode, 606: oxide semiconductor film, 612:

gate insulating film, 616: pair of electrodes, 618: interlayer

insulating film, 621: region, 626: region, 1141: switching
element, 1142: memory element, 1143: memory element
group, 1189: ROM interface, 1190: substrate, 1191: AL U,
1192: ALU controller, 1193: instruction decoder, 1194:
interrupt controller, 1195: timing controller, 1196: register,
1197: register controller, 1198: bus interface, 1199: ROM,
3001: solid line, 3002: solid line, 3003: solid line, 3004:
solid line, 9300: housing, 9301: button, 9302: microphone,
9303: display portion, 9304: speaker, 9305: camera, 9310:

22
housing, 9311: display portion, 9320: housing, 9321: but-
ton, 9322: microphone, 9323: display portion
This application is based on Japanese Patent Application

serial no. 2011-014652 filed with Japan Patent Office on Jan.

5 27,2011, the entire contents of which are hereby incorporated
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by reference.

The invention claimed is:

1. A semiconductor device comprising:

a gate electrode;

a gate insulating film;

a pair of electrodes; and

an n-type oxide semiconductor film overlapping with the
gate electrode with the gate insulating film interposed
therebetween and in electrical contact with the pair of
electrodes,

wherein the n-type oxide semiconductor film contains an
n-type oxide semiconductor material and a p-type oxide
semiconductor material,

wherein the n-type oxide semiconductor film comprises a
channel formation region of a transistor, the channel
formation region overlapping with the gate electrode,
and

wherein a ratio of a concentration of atoms other than
oxygen forming the p-type oxide semiconductor mate-
rial over the sum of the concentration of atoms other than
oxygen forming the p-type oxide semiconductor mate-
rial and a concentration of atoms other than oxygen
forming the n-type semiconductor material is comprised
between 0.027 and 0.305.

2. The semiconductor device according to claim 1,

wherein the p-type oxide semiconductor material com-
prises nickel.

3. The semiconductor device according to claim 1,

wherein the n-type oxide semiconductor material com-
prises indium.

4. The semiconductor device according to claim 1,

wherein the n-type oxide semiconductor material com-
prises indium and selenium.

5. The semiconductor device according to claim 1,

wherein the n-type oxide semiconductor material com-
prises indium and selenium, and

wherein the p-type oxide semiconductor material com-
prises nickel.

6. The semiconductor device according to claim 1,

wherein the p-type oxide semiconductor material com-
prises one of Ni, Sr, and Na.

7. The semiconductor device according to claim 1,

wherein the n-type oxide semiconductor film further con-
tains an insulating material, and

wherein an atomic ratio of the insulating material to the
n-type oxide semiconductor film is greater than or equal
to 0.01 and less than or equal to 0.2.

8. The semiconductor device according to claim 1, wherein

the n-type oxide semiconductor film is amorphous.

9. The semiconductor device according to claim 2, wherein

the n-type oxide semiconductor film is a c-axis aligned crys-
talline semiconductor.

10. An electronic device comprising the semiconductor

device according to claim 1.

11. A semiconductor device comprising:

a gate electrode;

a gate insulating film;

a pair of electrodes; and

an n-type oxide semiconductor film overlapping with the
gate electrode with the gate insulating film interposed
therebetween and in electrical contact with the pair of
electrodes,
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wherein the n-type oxide semiconductor film contains an
n-type oxide semiconductor material, a p-type oxide
semiconductor material, and an oxide insulating mate-
rial,

wherein the n-type oxide semiconductor film comprises a
channel formation region of a transistor, the channel
formation region overlapping with the gate electrode,

wherein a ratio of a concentration of atoms other than
oxygen forming the p-type oxide semiconductor mate-
rial over the sum of the concentration of atoms other than
oxygen forming the p-type oxide semiconductor mate-
rial and a concentration of atoms other than oxygen
forming the n-type semiconductor material is comprised
between 0.027 and 0.305, and

wherein a ratio of a concentration of atoms other than
oxygen forming the p-type oxide semiconductor mate-
rial over the sum of the concentration of atoms other than
oxygen forming the p-type oxide semiconductor mate-
rial, the concentration of atoms other than oxygen form-
ing the n-type oxide semiconductor material, and a con-
centration of atoms other than oxygen forming the oxide
insulating material is comprised between 0.021 and
0.246.

12. The semiconductor device according to claim 11,

wherein the p-type oxide semiconductor material com-
prises nickel.
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13. The semiconductor device according to claim 11,
wherein the n-type oxide semiconductor material com-
prises indium.
14. The semiconductor device according to claim 11,
wherein the n-type oxide semiconductor material com-
prises indium and selenium.
15. The semiconductor device according to claim 11,
wherein the oxide insulating material comprises one of
silicon and germanium.
16. The semiconductor device according to claim 11,
wherein the n-type oxide semiconductor material com-
prises indium and selenium,
wherein the p-type oxide semiconductor material com-
prises nickel, and
wherein the oxide insulating material comprises silicon.
17. The semiconductor device according to claim 11,
wherein the p-type oxide semiconductor material com-
prises one of Ni, Sr, and Na.
18. The semiconductor device according to claim 11,
wherein the n-type oxide semiconductor film is amorphous.
19. The semiconductor device according to claim 11,
wherein the n-type oxide semiconductor film is a c-axis
aligned crystalline semiconductor.
20. An electronic device comprising the semiconductor
device according to claim 11.

#* #* #* #* #*
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